Introduction
first described a specific oxidizing activity toward the D-amino acids aspartate and glutamate in rabbit kidney cortex. Since then, significant activity of D-aspartate oxidase (EC 1.4.3.1; D-ASPOX) has been demonstrated in homogenates of kidney cortex, liver, and brain of different mammalian species (for review see Hamilton, 1985) . Negri et al. (1987) purified the enzyme to electrophoretic homogeneity using beef kidney cortex as a source. D-ASPOX from this tissue is a flavoprotein of Mr 39,000 containing one FAD moiety per subunit. D-ASPOX is quite similar to the well-known D-amino acid oxidase (D-AAOX), but both proteins can be separated by differential purification and exhibit major differences in substrate specificity and their response to inhibition (Negri et al., 1987; Hamilton, 1985) . Whereas D-AAOX oxidizes neutral or basic D-amino acids, D-ASPOX specifically catalyzes the oxidation of the D-stereoisomers of the acidic amino acids aspartate and glutamate (D'Aniello et al., I993b; Negri et al., 1987; Hamilton, 1985) and also of stereoisomers of certain other acidic amino or heterocyclic iminoacids (Solinas et al., 1986; Hamilton, 1985; Burns et al., 1984) . D-ASPOX transfers electrons either to oxygen, producing hydrogen peroxide, or to other terminal electron acceptors (Negri et al., 1987; Dixon and Kenworthy, 1967) .
The subcellular compartmentation of D-ASPOX for a long time remained uncertain. Using highly purified peroxisome preparations from beef, sheep, and rat kidney cortex, as well as rat liver, we demonstrated first that D-ASPOX in these tissues is a peroxisomal enzyme located in the matrix of peroxisomes (Zaar et al., 1989) . This peroxisomal localization was later confirmed in isolated organelle fractions from rat and human liver by Van Veldhoven et al. (1991) . Beyond these biochemical data, however, up to now there is no information on the in situ distribution of D-ASPOX in the different cell types of kidney, liver, and brain. Immunohisto-and cytochemistry provide adequate approaches to study such a distribution. Therefore, we have raised an antibody against the D-APSPOX purified from bovine kidney cortex. This is the first report on the light and electron microscopic immunocytochemical localization of D-ASPOX in bovine kidney cortex and liver using this antibody.
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Materials and Methods
BiochemicaL Studies
Enzyme Purification. D-ASPOX protein was purified essentially according to the procedure described by Negri et al. (1987) with the following modifications. A light mitochondrial fraction (D-fraction) enriched in peroxisomes was obtained from bovine kidney cortex (Zaar et al., 1986) and was used as the source material for enzyme purification. After homogenization, heat treatment and phenyl-Sepharose CL4B (Pharmacia; Freiburg. Germany) chromatography, D-ASPOX was purified on an FLPC hiload 16/60 Superdex 75 PG column (Pharmacia). The active fraction eluted as a single peak.
Assay of Enzyme Activity. D-ASPOX activity was determined by measuring hydrogen peroxide production from D-aspartate (Sigma Chemical; St Louis, MO) according to Osumi and Hashimoto (1978) . Sodium benzoate was used as a potent inhibitor for D-AAOX activity (Zaar et al., 1989) .
Protein Determination. Protein content during enzyme purification and immunoblotting was determined according to Bradford (1976) .
Preparation of Antibody. The purified enzyme was emulsified with TiterMax (Vaxcel; Narcross, GA) as adjuvant and was injected into a rabbit. Immunization was performed according to Louvard et al. (1982) . The IgG fraction was separated from total antiserum by the method of Mayer and Walker (1980) . The antibody was further purified by dialysis and anion exchange chromotography. The monospecificity was tested with a highly purified peroxisome preparation from bovine kidney cortex and with a commercially purified porcine kidney D-AAOX (Sigma), as well as with the enzyme preparation purified as described above. A monospecific polyclonal antiserum against D-AAOX from rat kidney was used to demonstrate D-AAOX in Western blots. The antiserum was raised in rabbits according to established methods and was characterized as described .
Punification of Peroxisome Fractions. Light mitochondrial (D)-fractions from porcine and bovine kidney cortex, as well as a highly purified peroxisome fraction from bovine kidney cortex, were isolated essentially according to the method described earlier by Zaar et al. (1989) and were used for characterization of D-ASPOX in Western blots. SDSPAGE and Immunoblotting. SDS-PAGE and immunoblotting were performed as described by . Antigen-antibody complexes in Western blots were visualized by the enhanced chemical luminiscence detection system (ECL) (Amersham Buchler; Braunschweig, Germany).
Immunohisto-and CytochemicaL Studies
Animals and Tissues. Bovine kidney and liver tissues were obtained from the local slaughterhouse shortly after exsanguination of animals.
Fixation and Processing of Tissues for Light Microscopy. Bovine kidney and liver were fixed transparenchymally (Sandstrom, 1970) for 5 min with 4% formaldehyde-0.05% glutaraldehyde in PBS, pH 7.4. Adequately fixed tissue was identified and dissected under a binocular and immersed for additional 2 hr in freshly prepared fixative. Alternatively, small pieces of bovine kidney tissue were excised and immersed directly in Carnoy's fixative containing 60% ethanol, 30% chloroform, and 10% glacial acetic acid (Lehmann et al., 1995) . Tissue slices were either dehydrated in graded series of ethanol and embedded in Paraplast Plus (Monoject Scientific; Athy, Ireland) at 57'C or were soaked in 25% polyvinylpyrrolidone (PVP) (MW ~0,000) and stored at 4'C.
Fixation and Processing of Tissue for Electron Microscopy. Bovine kidney was perfused transparenchymally with 5% (v/v) formaldehyde, 0.05% glutaraldehyde, and 0.1% CaClz in 0.1 M cacodylate buffer (pH 7.2). Adequately perfused tissue was immersed for 30 min (4°C) in freshly prepared fixative. Sections 50-100 pm thick, cut with an Oxford Vibratome, were either postfixed by the reduced osmium procedure of Karnovsky (1971) , dehydrated and embedded in Epon 812, or embedded in LR White (Newman et al., 1983) as described by Baumgart et al. (1989) .
Immunohistochemistry. Five-pm sections of Paraplast-embedded tissue were cut and mounted on silanized slides. Sections were deparaffinized in xylene (twice for 10 min), rehydrated in acetone (twice for 5 min), and brought to distilled water. Alternatively, PVP-soaked tissue was frozen and 10-15-pm sections were cut on a cryomicrotome and were either transferred to silanized slides or processed by floating in the appropriate medium. For detection of antigens, rehydrated Paraplast sections as well as cryostat sections were incubated for 5 min in 3% H202 to inhibit endogenous peroxidase activity. Sections were washed in PBS and incubated for 30 min in blocking buffer (BB) consisting of 5% goat senun, 0.1% coldwater fish gelatin (CWFS), and 2 mM NaN3 in PBS. pH 7.4. After a 5-min rinse in washing buffer (WB) (BB without goat serum), sections were incubated for 12 hr at 4'C with an appropriate dilution of the antibodies in incubation buffer (IB) (1% goat serum, 0.1% CWFS, 2 mM NaN3 in PBS, pH 7.4). After several rinses of sections with WB, bound antibodies were visualized with the biotin-streptavidin-peroxidase technique. We used the ExtrAvidin peroxidase kit produced by Sigma. Briefly, sections were incubated for 1 hr at room temperature (RT) with biotinylated goat anti-rabbit IgG diluted 1:20 in IB. This was followed by several rinses in PBS and incubation for 30 min at RT with the streptavidin-peroxidase conjugate of the kit (dilution 1:20 in PBS) and washing again in PBS. Binding sites ofstreptavidin-peroxidase were visualized with a chromogen solution containing 3-amino-9ethyl-carbazole (AEC) (0.5 mglml), H202 (0.03%). ethanol (lo%), and 20 mM citrate buffer, pH 5.1 at RT. After rinsing in distilled water, sections were poststained with hematoxylin (30-45 sec), washed in running tapwater, and mounted in Kaiser's glycerin-gelatin (Merck; Darmstadt. Germany) an aqueous mounting medium. Control sections were incubated with IB only or with nonspecific rabbit IgG. The specificity of the immunoreaction was further validated by preincubation of D-ASPOX antibody with an excess of purified D-ASPOX protein.
Immunoelectron Microscopy. Essentially, the procedures of Roth (1982) and Bendayan (1984) were used. Ultrathin sections cut from LR Whiteembedded tissue were immersed for 1 hr in drops of 4% bovine serum albumin (BSA) in 20 mM Tris-HCI buffer (pH 7.4) and incubated overnight with the anti-D-ASPOX antibody (5 pg proteinlml) diluted in 0.1% BSA in Tris-buffered saline (TBS). After several washes, the grids were incubated for 60 min with a protein A-gold (PAG) complex. [For preparation of the PAG complex, see .] After washing, the tissue was contrasted with uranyle acetate and lead citrate. For controls, ultrathin sections were incubated with nonspecific rabbit lgG, followed by PAG complex, or with PAG complex alone.
Results
Enzyme Pzlriftcation and Antibody Specificity
D-ASPOX purified from bovine kidney cortex according to the protocol described exhibits an average specific enzymatic activity of 7.04 U/mg protein. The enzyme is enriched approximately 1300fold over the corresponding activity in the light mitochondrial fraction. After SDS-PAGE the enzyme preparation shows one major protein band and only trace amounts of other proteins ( Figure Ib) . The molecular mass of the major protein band was calculated to be 39 KD (Figures la and 1b ). This purified enzyme preparation was used for immunization.
Highly purified peroxisome fractions from bovine kidney cortex contain, in addition to a wealth of other peroxisomal proteins, large amounts of D-ASPOX (Zaar et al.. 1989) . The specificity of anti-D-ASPOX antibody first was tested by immunoblotring of increasing concentrations of protein of a purified pcroxosomc preparation from this source. After incubation with the antibody. only a single band with increasing densitywasobservcd, with a molecular mass range of 39 K D ( Figure IC ). D-amino acid oxidase (D-AAOX) is an enzyme closely related to D-ASPOX (Negri et al.. 1987) . Therefore, it would be of major interest to determine whether there is any crossreactivity bcrwecn D-ASPOX antibody and the D-AAOX protein. For this purpose. commercially available D-AAOX protein from porcine kidney ( 
Immunohistochemistry
Paraplast sections from bovine kidney cortex fixed according to the different protocols described in Material and Methods were incubated with anti-D-ASPOX. With tissues fixed in formaldehyde-glutaraldehyde no satisfactory labcling could bc achicvcd. After Camoy fixation a punctate localization was obxrvcd in the basal cytoplasm of epithelial cells of the proximal tubules (Figure 3b ). Labeling was particularly strong in the straight portions of proximal tubules (P-3 segment) in the medullary rays of kidney cortex.
No significant labcling could bc observed in other tubule segments or in the interstitium (Figure 3b) . A punctate localization only in the proximal tubules is suggestive of a peroxisomal localization of the antigen. To avoid the possible drawbacks inherent in Paraplast embedding, alternatively 15-20-pm cryostat sections of formaldchydc-glutaraldehyde-fixed bovine kidney cortex and liver wcrc prepared. sections were either transferred to slides or directly cut into PBS and treated further by floating in the appropriate medium. After incubation with anti-D-ASPOX, a clearly granular localization of the anrigen was found in the proximal nephron tubules of bovine kidney (Figures 3a and 3c) , particularly in straight segments of the proximal tubules. No significant labcling could be observed in other tubule segments (Figures 3a and 3c ). D-ASPOX activity has also been found in purified peroxisome fractions from rat and human liver (Van Veldhoven et al., 1991 : Zaar et al., 1989 . After incubation of floating cryostat sections of bovine liver tissue with anti-D-ASPOX a granular localization was also found in hepatocytes (Figure 3d ). The concentration of antibody for dcmon- 
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1017 stration of the antigen in liver, however, had to be raised about lo-fold in comparison with kidney tissue.
In control experiments, D-ASPOX antibody was preincubated with an excess of purified D-ASPOX protein. This procedure completely abolishes the immunostaining (Figure 4c ).
ImmunoeLectron Microscopic Locuiization
After incubation of ultrathin sections of LR White-embedded tissue with anti-D-ASPOX, gold particles representing antigenic sites of D-ASPOX were distributed almost exclusively over the matrix of peroxisomes (Figure 4b ) in the epithelial cells of the proximal tubules. Peroxisomes in these cells can be easily identified by their particular angular outlines (Figure 4a ). which are apparently caused by straight or sometimes slightly curved electron-dense inclusions in the matrix of peroxisomes, the marginal plates (Figure 4a ). Marginal plates are in all cases closely apposed to the peroxisomal membranes ( Figure  4a) . A second type of inclusion, a polytubular core. is found in the central portion of the matrix (Figure 4a ) (for review see Zaar, 1992) . No labeling of peroxisomes was observed using nonspecific rabbit antiserum (Figure 4d ). 
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Discussion
Immunoblot Analysis of Bovine Renal D-ASPOX
In an earlier biochemical study (Zaar et al. 1989) , we demonstrated that, in all steps of a subcellular fractionation procedure for kidney cortex homogenates, D-ASPOX activity co-fractionates with peroxisomal marker enzymes. Specific D-ASPOX activity in different species was highest in a peroxisome fraction purified from bovine kidney cortex.
In the present study, immunoblot analysis of newly prepared D-ASPOX antibody with a highly purified peroxisome fraction from bovine kidney cortex revealed a single protein band with an apparent molecular mass of 39 KD. D-ASPOX appears to be similar to the well-known peroxisomal D-AAOX; however, no crossreactivity was observed between D-ASPOX antibody and D-AAOX protein, and vice versa ( Figure 2) .
Compared to the wealth of information on D-AAOX, little is known about D-ASPOX. The best-characterized D-AAOX is the one from porcine kidney cortex. It is a flavoprotein with a molecular mass of 37,335 Da consisting of 347 amino acid residues. The complete amino acid sequence and the nucleotide sequence of cDNA for the enzyme have been determined (Tada et al., 1990; Ronchi et al., 1982) . D-AAOX of porcine kidney is synthesized on free polyribosomes and is transported to peroxisomes without processing (Fukui et al., 1987) . The mouse kidney protein contains an SKL targeting signal to peroxisomes (Gould et al., 1988) at the carboxy terminus (Tada et al., 1990) . No such information is available for D-ASPOX. Only the overall amino acid composition of bovine kidney D-ASPOX is known (Negri et al., 1987) . The main difference between the two enzymes is the more basic character of D-ASPOX owing to the prevailing number of basic amino acid residues (Negri et al., 1987) . This diversity probably permits the generation of specific antibodies against either enzyme.
Immunohistochemical Localizution of D-ASPOX
With the methods applied, an immunoenzyme localization of D-ASPOX in Paraplast-embedded and sectioned tissue could be achieved only after fixation with Carnoy fixative. With aldehydefixed tissue no adequate localization was observed. However, a good localization was achieved in aldehyde-fixed cryostat sections. These results imply that the procedure of Paraplast embedding at a temperature of 57'C, in combination with aldehyde fixation, may mask or inactivate D-ASPOX antigen in an unknown way. The denaturing effect of crosslinking fixatives, such as aldehydes, on the preservation of peroxisomal antigens is well known. In some aldehydefixed and paraffin-embedded tissue, the antigenicity of peroxisomal proteins has to be restored by limited proteolysis (Espeel et al., 1990; Litwin et al., 1984 Litwin et al., ,1987 Litwin et al., ,1988 . Individual peroxisomal proteins, however, may exhibit different susceptibilties to different fixatives (Lehmann et al., 1995) . Recently, Lehmann et al. (1995) have shown that a precipitating fixative such as Carnoy solution, in combination with paraffin embedding, is superior to aldehyde fixation and retains the antigenicity of most peroxisomal proteins.
Immunoenzyme staining revealed a punctate or granular cytoplasmic staining for D-ASPOX antigen in bovine kidney and liver. In kidney this granular staining was restricted almost exclusively to the epithelial cells of the proximal tubules. It is well known that peroxisomes are particularly large and abundant in the epithelial cells of the proximal tubules, particularly in the straight (P-3) segment of bovine kidney. Peroxisomes are present in other nephron tubules and the interstitium but they are small (microperoxisomes) and much less common (for a review see Zaar, 1992) . The immunohistochemical localization in only a particular nephron segment, the proximal tubule, suggests a peroxisomal localization of the D-ASPOX antigen.
Peroxisomes are also abundant in hepatocytes. Biochemical experiments, however, have shown that the specific activity of D-ASPOX is much less in hepatocyte peroxisomes of the different species investigated (Van Veldhoven et al., 1991; Zaar et al., 1989) . This may explain the need for higher antibody concentrations to demonstrate the antigen in bovine liver peroxisomes.
Immunocy tochemical Loculizatio n of D-ASPOX
Immunoelectron microscopy on ultrathin sections of formaldehydeglutaraldehyde-fixed and LR White-embedded tissue confirmed the localization of D-ASPOX in peroxisomes. Gold particles were almost exclusively distributed over the matrix of peroxisomes. Areas over sectioned inclusions in peroxisomes, such as polytubular cores or marginal plates, showed no significant labeling. This is in good agreement with the previous biochemical findings of Zaar et al. (1989) and Van Veldhoven et al. (1991) that D-ASPOX is a peroxisomal matrix enzyme. Polytubular cores in bovine renal peroxisomes are composed of urate oxidase (Zaar et al., 1986 Usuda et al., 1988) and marginal plates of the isozyme B of L-a-hydroxy acid oxidase (HAOX B) Zaar et al., 1791) .
On the Biological Role of D-ASPOX
The biological role of D-ASPOX and D-AAOX is still enigmatic. Recent investigations have confirmed the suggestion that one major in vivo role of these oxidases is to act as detoxifying agents metabolizing D-amino acids from exogenous or endogenous sources (for reviews see D' Aniello et al., 1993a; Konno and Yasumura, 1991) . It is of interest to note that there is increasing evidence that D-amino acids in mammalian tissues may be of endogenous origin (D'Aniello et al., 1993a,b; Nagata et al., 1989 Nagata et al., ,1992 Nagata and Akino, 1990 ). e.g., D-serine has been found in appreciable amounts in vertebrate brains (Hashimoto et al., 1992) . Acidic dicarboxylic amino acids, such as aspartate and glutamate, are major excitatory neurotransmitters in the brain. Whereas the L-isomers are considered the endogenous ligands, D-isomers also exhibit marked excitatory effects and are readily transported by the amino acid transporters in brain tissue (Zaar et al., 1989) . D-ASPOX may therefore have an important protective function in degrading D-isomers of dicarboxylic acids, which otherwise, as nonphysiological neurotransmitter ligands, may induce disturbances in the neuronal function of the central nervous system. Investigations on the cellular distribution of D-ASPOX in the central nervous system with the new antibody may therefore be of particular interest and are in progress in our laboratory.
